In this paper, a nonlinear auto-companding wavelet approximation method is proposed for the behavioral modeling of analog circuits and applied to the behavioral modeling of a switched-current (SI) digital-to-analog converter. The companding function is automatically constructed according to the initial error distribution when approximating the input-output function of the circuit blocks by conventional wavelet collocation method. The proposed method works more efficiently than the published modeling approaches in regulating the error distribution and reducing the modeling errors as well.
INTRODUCTION
With the remarkable evolution of VLSI technology, more and more complicated electronic systems, including both digital and analog circuits, can be implemented on a single chip. The design and simulation of the analog interface circuits such as the analog-to-digital and digital-to-analog converters [6, 7] has become the bottleneck in the mixed signal chip design. Therefore, the need for more advanced behavioral modeling technology for interface analog circuits has become increasingly urgent. In the past research, a variety of modeling techniques [1] [2] [3] have been investigated to accelerate behavioral simulation, among which the curve-fitting approximation methods are most widely used. The input-output functions of the analog block circuits are approximated by base functions, such as logarithmic function, exponential function, polynomial basis [2] , or wavelet basis [3] , etc.. As reported in [3] , the wavelet approximation is more effective than the polynomial approximation when dealing with strong nonlinear behavior and controlling modeling error distribution. In [3] , a nonlinear companding principle was developed to control the modeling error continuously. A very specific logarithm companding function was designed for a specific circuit example. However, this method is only proper for the specific function of circuit blocks and cannot be applied to arbitrary functions. The issue of how to automatically design the companding function for arbitrary analog block with arbitrary input-output function has not been explored.
In this paper, a nonlinear auto-companding wavelet approximation method is proposed for the behavioral modeling of analog circuits and applied to the behavioral modeling of a switched-current D/A converter. The companding function is automatically generated according to the modeling error distribution of the input-output function of the building block. The proposed method works more efficiently than the published modeling approaches in regulating the error distribution and reducing the modeling errors. The rest of the paper is organized as follows. In Section 2, we review the basic principle of the wavelet collocation method with nonlinear companding for behavioral modeling. In Section 3, we propose the auto-companding approach based on modeling error distribution. In section 4, we develop the behavioral model for a switched-current algorithmic D/A converter. The modeling efficiency of the proposed method and comparison with existing methods are examined. Finally, we draw conclusions in section 5.
REVIEW OF WAVELET COLLOCATION METHOD WITH NONLINEAR COMPANDING
A nonlinear input-output function in equation (1) of a single-input single-output (SISO) analog circuit block, can be expanded by wavelet series [3] as equation (2) ) (x f y = 
are the corresponding coefficients of wavelets, which can be obtained via collocation method in [4] .
The nonlinear companding methodology proposed in [3] aims to regulate the error distribution, so that the modeling error can satisfy certain specifications given by designers. For example, the relative error can be kept constant at any circuit output value.
Define a Companding Function
, where 
should be continuous and monotonically increasing. 
Then, the companded basis functions
employed to expand the input-output function ( )
To control the modeling error, one can increase the singularity of the wavelet function in the more singular regions of the approximated function. According to equation (5), the singularity of wavelet bases is proportional to
. Namely, the greater the first-order derivative is, the more singular the wavelet bases will be. Therefore, we shall increase the value of in those regions where high modeling accuracy is required.
( )
ERROR DISTRIBUTION BASED NONLINEAR COMPANDING METHOD
In this section, we shall present a general-purpose approach to construct the companding functions automatically according to error distribution.
( ) x g
Approximating the circuit input-output function by the original wavelets in [4] , we can obtain an initial modeling error distribution. In order to reduce the maximal relative error and obtain the uniform error distribution, we shall increase the singularities of wavelet basis functions by increasing the value of ) (equation (5)) in those regions where the modeling error is large. On the contrary, the modeling error will be enlarged if the singularity of wavelet basis functions is decreased by the value of in the region where modeling error is small. The companding function can thus be designed according to the initial error distribution by the following four steps.
Step 1.
Obtain the initial error distribution. When the input-output function is expanded by a set of wavelet basis functions in space [4] , the initial relative error distribution can be obtained by equation (6) ( ) (6) where is the initial approximation of .
Step 2.
Extract the envelope of the error distribution. Assume in curve , there exist two adjacent small regions with minimal error and [ with maximal error e as shown in Figure 1 . If , in the companding procedure, we will reduce the singularities of the basis functions in region and increase the singularity of the basis functions in region . After companding, error e is increased and is decreased. However, if the companding function is not properly designed, the approximation errors after companding may result in , as shown in Figure 2 . Such a phenomenon is called ultra-companding, which makes it hard to reduce the maximal modeling error and control the uniform modeling error distribution. Therefore, we cannot directly choose the original error distribution function as ( ) ( ) Step 3.
Build the prototype of nonlinear companding function. As shown in equation (5) to be bounded in a certain range [ , where
. In the following, we will at first obtain ( ) by mapping the envelope function into range [ and then derive the companding function by integration of The prototype of the companding function can therefore be built as given in equation (8).
Since , is monotonically increasing and satisfying companding constraint (ii) of the companding function in Section 2. Constant in (9) is defined as Figure 3 is a 4-bit algorithmic SI D/A converter [7] , which is implemented by four identical SI current memory cells M 1 1 , the input current, added to the previous current value i 3a or i 3b , is halved in the identical memory cells M 1 and M 2 . During phaseΦ 2a orΦ 2b , the result of this operation is then stored in the memorizing cell M 3a or M 3b , to be let out after a delay time of T/2 when the nextΦ 1 phase arrives. Thus the final output current is equal to the summation of
To model the D/A converter, we first partition the whole circuit into the following building blocks, division-by-two block (M 1 -M 2 ) and two identical alternatively operating delay blocks M 3a and M 3b . Then we can get the signal flow graph model of the converter in Figure 3 . The delay block M 3a or M 3b drives the different output loads at different operation time. For instance, when switch Φ 3a or Φ 3b is connected, the output load of the memory cell M 3a or M 3b is two memory cells M 1 , M 2 of the division-by-two block. While switch Φ 4a or Φ 4b is connected, the output load of the memory cell is the output load of the D/A converter which is usually one memory cell. For modeling such behavior, we can use the piecewise-defined delay block in Figure  4 , where the input-output functions of memory cells with different output loads are used at different time intervals.
which makes g satisfy companding constraint (i) in Section 2.
) (x
Step 4.
Refine the prototype of repeatedly, to meet the given requirements of error distribution.
The companding function in equation (8) is actually dependent on the parameters and . In this step, we can use the merit function in [3] to optimize parameter (or ) by the Golden Section Search method [5] . As long as the minimum value of the merit function is reached, the optimal (or )
is found and consequently the optimal companding function is determined.
In the next sub-section, the input-output function of each building block in Figure 4 and Figure 5 is represented by wavelets using the non-linear companding method. The signal-flow-graph based model is then optimized and simulated by MATLAB SIMULINK to obtain the behavioral model.
APPLICATION IN THE MODELING OF SI DAC
Due to full compatibility with digital CMOS processes and high performance under low supply voltage, the switched-current (SI) technique is widely applied to design A/D, D/A converters [6, 7] in mixed-signal chips. In this section, different modeling methods are applied to obtain the behavioral model of a typical SI algorithmic DAC [7] . The behavioral models are simulated to examine the validity of the proposed modeling method. 
.2 Modeling basic building blocks
In this subsection, the current memory cell is taken as an example to demonstrate the block modeling method by wavelets. The behavioral models of the other building blocks in the SI D/A converter can be obtained in a similar way.
The input-output function of the same current memory cell given in [3] has been modeled by the following five methods, the polynomial approach, original wavelet method without companding, wavelet method with adaptive scheme, nonlinear Figure 6 depicts the relative simulation errors for these models. Several comments can be made according to the data in Figure 6 .
1. The relative errors of models by polynomial approach and original wavelet method without companding increase as the input current amplitude decreases, for in these methods the modeling error distribution is completely uncontrolled. To accurately model both the small and large signal effects, schemes for controlling error distribution are needed. Figure 6 . Relative errors of different models of the memory cell 2. Because wavelet basis has compact support or local support, the singularity of wavelet basis can be regulated to control the error distribution. Among the three methods to control the error distribution, the nonlinear companding method in [3] presents quite satisfactory modeling accuracy but the method is dependent on the specific circuit and cannot be applied for arbitrary I-O function of any given circuit. The adaptive method is a general-purpose one but it is not so effective as the other two methods in regulating the error distribution and reducing the modeling errors. The proposed auto-companding method, however, can achieve the most accurate model among the three methods and can be applied to arbitrary analog block with arbitrary input-output function as well.
Simulation Results of the D/A Converter
Using the building block models developed by the five methods mentioned above, we simulate the signal-flow-graph based D/A models by SIMULINK.
Simulation accuracy
We test the behavioral models by different input word sequence 0000, 0001 …… 1111(1, 2…15). Figure 7 gives the simulation results of the D/A converter. Comparing the simulation results by the five different models, we can find that the proposed companding method can achieve the most accurate model among all the methods.
Simulation speed.
The behavioral simulations are run on a Pentium III-933 computer. Assume that a transient simulation is performed for the SI D/A converter in time interval
. The computation time of the behavioral simulations of the behavioral models derived by the five approaches are of the same order of 2.7s. While compared with 374s by SPICE simulation, the overall behavioral simulation speed up is about two to three orders.
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CONCLUSION
We propose in this paper a nonlinear auto-companding wavelet approximation method for behavioral modeling of nonlinear analog circuits. The proposed method presents several merits in contrast with those conventional techniques. First, the companding function is automatically constructed according to the error distribution of the input-output function of arbitrary building block. So the method is a general-purpose one, rather than only for some specific type of circuits. It can be applied in automatically modeling different analog circuit blocks with different structures. Secondly, compared with other published approaches, the auto-companding approach can efficiently control the modeling errors and reduce the number of basis functions.
In conclusion, the nonlinear auto-companding wavelet approximation method exploits a new approach for the behavioral modeling and simulation of analog circuits.
